This paper introduces and describes a novel kinematic model based on chemical reaction to control robots made of soft materials, poly (2-acrylamido-2-methylpropane sulfonic acid) gel (PAMPS gel). Experiments were conducted using a prototype mechanism whose energy is supplied by applying an electric field in a surfactant solution. We have verified the validity of our model by comparing the experimental and simulation results obtained by bending a flexible strip of PAMPS gel under a uniform electric field.
Introduction
Soft materials which generate force and change shape can potentially form a basis for the development of artificial muscles. Electro-active polymer (PAMPS) gel is one such promising material. Most studies have focused .on analyzing the material properties of the gel. However, it is not yet clear how to design effective shapes or to control various shapes of materials dexterously. It is difficult to apply the conventional methods used to control rigid, articulated mechanisms for controlling gels because the material is too elastic and conceptually has infinite DOF. The purpose of this study is to examine how to control gel robots. Gel robots are made entirely of gel material and can be regarded as complexes of artificial muscles. We previously reported a gel robot design using thin parts of the material as actuators and thick parts as structures [l] . In this paper, we propose the kinematic model of gels based on chemical reaction, which can be applied to a variety of shapes of gel robots using various kinds of control signals.
Electro-Active Polymer
Over the past few decades [2] 
Gel Robots
The purpose of this study is to present a method to design full body elastic robots similar to sea anemones, sea cucumbers, or jellyfish. The robots are made entirely of gel. Without any rigid structure, they can easily bend, fold, move, or change shape. They can manipulate external objects without causing damage to the object or themselves. To realize a robot with a functionality comparable to one of the sea creatures described above, we make an attempt to construct a robot body made entirely of "gel".
We shall refer to a "Gel Robot" as a controllable mechanism whose body is made entirely of chemomecanical polymer gel. A conventional robot typically consists of controllers, sensors, actuators and struc- tures, but here our discussion is limited to actuators and structures. In order to remove the effects of wires and focus on the relationship between shape and function, a gel robot will be initially controlled by electric fields. Prototype gel robots were developed using thin To design the shape of a gel robot, it is very important to understand the mechanism how chemical energy is converted to mechanical energy in PAMPS gel systems [5] [16] . When an electric field is applied to a sheet of PAMPS gel, in a surfactant dodecylpyridinium chloride (ClOPyCl) solution containing sodium sulfate, the gel exhibits significant and rapid bending toward the anode. If the polarity of the electric field is altered repeatedly, the gel sheet exhibits oscillatory motion. This phenomena is based on an electro kinetic molecular assembly reaction of surfactant molecules on the hydro gel [17] [18] . The gel network is anionic[l9], so positively charged surfac-, tant molecules can therefore bind to its surface. This causes anisotropic contraction which bends the gel towards the anode.
Materials and methods
A poly(2-acrylamido-2-methylpropane sulfonic acid, PAMPS) gel is prepared by radical polymerizations from a 1.OM solution of 2-Acrylamido-2-methylpropane sulfonic acid (AMPS), in the presence of 0.05M N,N'-methylenebisacrylamide (MBAA) and M Kz S208 at 323[K] for 24 hours [5] . After the polymerizations, the gel is immersed in a large amount of pure water to remove un-reacted reagents until it reaches an equilibrium state. The degree of swelling of the gel is 79. This number is determined as a weight ratio of the water swollen gel to its dry state. Then it is immersed in a dilute solution of the surfactant, n-dodecyl pyridinium chloride (Cl0 Py Cl) containing 3~1 0 -~ M sodium sulphate . A strip of the gel is placed horizontally, with one side of the gel fixed and the other side left free. In this way, the oscillatory motion of the free end of the gel can be observed from top. Direct current voltage applied through the electrodes from an electric source using a function generator D.C. power supply and amplifier circuits is used to create an electric field. The deformation of the PAMPS gel is analyzed by utilizing a video microscope.
All experiments were carried out at a room temperature of 298 [K] . The gel material is originally sensitive because it is an open system. It is not stable and affected by many kinds of environmental conditions such as temperature, pH, etc. Because of the above characteristic, the parameters of the material scatter. However, every time, the order is the same. Thus, each experiment was carried out several times and the nearest to the average data were selected.
Measurement Result

Generating Stress and Strain
We have developed a new method to measure fundamental relationships between the electric field, stress and strain. Specifically, the generated stress can be calculated by measuring the radius of curvature of the beam shaped material. Based on the theory of bending mechansim, an electric field drives surfactants to the gel surface. The surfactants bind to the gel and generate stress on the surface due t o anisotropic contraction. Since the material is extremely elastic, a slight stress can cause a large overall deformation. Before clarifying the generated stress, observe Figure  2 . The final shape assumed by the gel under a uniform electric field is shown. With voltages under 5[V], the strip bends slowly and stops at the equilibrium state. The surface curvature is uniform. With voltages over 5[V], the strip becomes perpendicular, and stops with small oscillation, which is a limit state. The surface curvature is not uniform. Let us suppose that the radius of curvature is almost uniform at low voltages. Then the generated stress u is given by the following equation with radius of curvature pT (Figure 3 ), Young's modulus E , thickness of the beam h. 
Shape and voltage dependence on step response
The design parameters for gel robots include the shape and size of the gel, and magnitude of the applied electric field. To understand the relationship between these parameters and the overall deformation, step responses were measured. At first, thickness dependency is observed. The deformation responses using a step voltage output at 5[V] for a 13. Figure 6 . The electric current density is proportional to the input voltage. This is because the solution between the two electrodes works as a resistor, which means the higher the voltage, the faster the speed of binding becomes. Each strip achieved maximum deformation at the same place. Quantities of the maximum binding surfactant are the same according to the surface area of the strip. Thus, the differences were primarily in the time taken to reach the maximum state.
Kinematic model based on chemical reaction
Experimental results show that the amount of the adsorbed molecules is the basic quantity which interfaces gels and the electric field. The deformation of gels is a result of surface shrinking caused by the binding reaction of the surfactant molecules with the polymer network[l7]. For the purposes of theoretical analysis, the binding reaction can be characterized by two processes: an adsorption process and a propagation process (see Figure 7 ). 
(2) When the voltage is applied on the electrodes, the resulting electric field drives the surfactant molecules. The densities of the molecules, which is nearly equal to the electric current densities, affects the probability of binding to the gel surface. As the current density increases, the probability of binding rises. Thus, the adsorption process is generally expressed as follows: is an electric field, and 4(rb]) is an electrostatic potential, at rb]. Here we propose specific instance of f and g in Eq. (3) as: If pele is large, the electric field produces large effects on the adsorption of the molecules. Once the surfactant molecules are adsorbed, it takes a long time to desadsorb without reversing the electric field. We express this phenomenon by setting pads slightly smaller than 1. The next step is the propagation process. The adsorption state affects the joint angle of each link and can be expressed generally as follows:
Adsorbed molecules aggregate to each other causing the joint angles to change. 
Conclusion
We have presented a novel kinematic model t o control robots made of soft gel materials. First, the stress and strain generated by the materials were estimated by measuring by radius of curvature of a beam shaped gel. Second, the thickness and voltage dependencies on the step responses of the gel were carefully examined. The amount of adsorbed molecules on the surface of the gel characterizes a system consisting of gels and an electric field. Considering these measurements and theory, we reported a new kinematic model. We evaluated the validity of our theoretical model by comparing the deformation of simulated and experimental results. The model gives a reasonably good approximation to step response under different applied voltages with different thickness of the gels This method is based on local interaction, and it can be applied to various shapes of gels and various types of electric signals. Thus, is can form a basis for formulating the kinematics of gel robots.
Key areas of future research include the following: examining ways to identify the parameters, and their physical and chemical meaning; t o evaluate this method by applying a changing signal input or spatially varying electric fields instead of uniform one; applying this method to micro-scale size gels; The future direction of this study is to construct an inverse kinematics model based on the direct kinematics model proposed in this paper.
